Glucocorticoids (GCs) are known to inhibit mitogen-activated protein kinase (MAPK) signaling. This has been suggested to involve induced expression of MAPK-phosphatase 1 (DUSP1), which dephosphorylates and inactivates MAPKs. However, the mechanism for the transcriptional activation by GCs of DUSP1 or the identification of a GC-responsive region of the gene has so far not been described. To identify GC receptor (GR) binding to the human DUSP1 promoter in vivo, we used a chromatin immunoprecipitation (ChIP) assay and found GR to bind to a region w K1 . 4 kb upstream of the transcription start site. Using promoter deletion constructs, we identified a GC-responsive region between position K1266 and K1380 bp of the DUSP1 promoter. However, no direct binding of GR to this GC-responsive region was detected in an electrophoretic mobility shift assay (EMSA). Instead, we identified binding of CCAAT/enhancer-binding protein beta (C/EBPb) to a region between K1311 and K1304 bp of the DUSP1 promoter by EMSA and ChIP. Furthermore, mutation of the C/EBP binding site resulted in a dramatic loss of GC-inducible reporter gene expression, demonstrating the GC responsiveness of the DUSP1 gene to be located to a binding site for C/EBP in the DUSP1 promoter. Also, given that a GR mutant (GR LS7 ), incapable of transactivating through GC-responsive elements, still was able to bind to the DUSP1 gene in vivo and induce DUSP1 mRNA expression following treatment with GCs suggests the mode of GC activation to be mediated by a tethering mechanism involving the GR and the DUSP1 promoter-bound C/EBPb.
Introduction
Glucocorticoids (GCs) are lipophilic steroid hormones, synthesized and secreted by the adrenal cortex, that play important roles in metabolism, immune responses, proliferation, and differentiation by affecting gene expression. At a cellular level, GCs modulate gene expression via binding to the intracellular GC receptor (GR), which acts as a ligand-activated transcription factor (Necela & Cidlowski 2004 , Schäcke et al. 2006 . Upon ligand binding, the GR translocates into the nucleus, homodimerizes, and binds to palindromic GC response elements (GREs) present in target genes, and activates transcription. In natural promoters, a synergy between the GR and other DNA-bound transcription factors in inducing transcription most often occurs. In addition, studies have shown that the GR can affect expression of target genes without directly contacting the DNA. This occurs through a protein-protein interaction between the GR and other DNA-bound transcription factors. This mechanism is usually referred to as tethering. Tethering seems to be the main mechanism by which the GR represses expression of target genes, as in the case of GC repression of proinflammatory genes controlled by nuclear factor k B (NF-kB) and activator protein 1 ( AP-1, JUN/FOS heterodimer). However, GR tethering to other DNAbound transcription factors without the GR in itself contacting the DNA can also result in enhanced gene expression. This is the case following GR interaction with AP-1(JUN/JUN) in AP-1-controlled target genes, STAT5A-stimulated expression of the b-casein gene, and PBX1 in enhancing retinoic acid-stimulated HOXB1 expression (Teurich & Angel 1995 , Stöcklin et al. 1996 , Subramaniam et al. 2003 . This exemplifies that transcriptional stimulation of target genes by GR does not occur through a single mechanism.
Given that GCs are able to robustly blunt the onset and peak of an inflammatory response as well as triggering inflammatory resolution programs (Serhan et al. 2007) , they belong to the most effectively used drugs to treat inflammatory diseases and immunodisorders such as asthma, rheumatoid arthritis, and autoimmune diseases (Adcock & Caramori 2001) . The therapeutic actions of GCs are mediated, in part, via transrepression by the GR of proinflammatory gene expression induced by immunoregulatory proteins such as the AP-1 and NF-kB complexes or by stimulated expression of anti-inflammatory genes such as IL10 (Clark 2007) . Additionally, GCs may exert their antiinflammatory effects by inhibiting other signaling pathways that regulate inflammatory responses, such as the mitogen-activated protein kinase (MAPK) pathway (Clark & Lasa 2003) . The MAPK families, which comprise the ERKs, the JNKs, and p38 MAPKs, play an important role in the immune response by participating in the regulation of proinflammatory mediators such as cytokines and chemokines (Chang & Karin 2001 , Pearson et al. 2001 .
Excessive production of proinflammatory mediators may be life-threatning, and counter-regulatory systems are needed to balance proinflammatory reactions. Hence, when the pathogenic threat is eliminated, the proinflammatory signaling cascades must be deactivated by the operation of anti-inflammatory regulators to effectively dismount the immune response and prevent undue inflammation. In mammalian cells, activated MAPKs can be inactivated by the MAPK-phosphatase 1, DUSP1, which is an archetypal member of a dualspecificity (Thr/Tyr) phosphatase family that negatively regulates MAPKs by dephosphorylation (Camps et al. 2000 , Theodosiou & Ashworth 2002 . DUSP1 is induced by mitogenic stress and proinflammatory stimuli, functioning as a feedback control mechanism that governs the production of proinflammatory cytokines by limiting the activation of MAPKs (Zhao et al. 2005) .
Interestingly, DUSP1 gene expression has also been shown to be enhanced by GCs and to mediate the GC inhibition of ERK, JNK, and p38 MAPKs (Kassel et al. 2001 , Chen et al. 2002 , Lasa et al. 2002 , Engelbrecht et al. 2003 . The GC induction of DUSP1 and thus inhibition of MAPK signaling may serve as a means by which GCs control the strength and duration of transduced proinflammatory signals and regulate the production of proinflammatory cytokines. However, studies using DUSP1-deficient mice have given contradictory results regarding the requirement of GC-stimulated expression of DUSP1 in suppressing inflammatory responses in vivo (Abraham et al. 2006 , Maier et al. 2007 . By contrast, other biological responses seem to be dependent on the upregulation of DUSP1 by GCs. A study by Wu et al. (2005) showed that blocking DUSP1 expression by RNAi in breast epithelial cells hampered GC-mediated ERK dephosphorylation and cell survival following paclitaxelinduced cytotoxicity. Similarly, the regulation of ERK by DUSP1 is suggested to control osteoblast proliferation in response to GCs (Horsch et al. 2007) . While the effect on various biological processes in vivo of DUSP1 upregulation by GCs is under intensive study, the precise mode of GC-GR action on DUSP1 gene activation has been left undetermined. At the transcriptional level, putative GREs have been described in the mouse DUSP1 promoter (Noguchi et al. 1993) ; however, no studies showing a functional GC-responsive region or GR occupancy at the DUSP1 promoter region have so far been published.
The objective of this study was to investigate the mechanism by which GCs induce human (h) DUSP1 gene expression and to identify the GC-responsive region within its promoter region. For this purpose, we used a chromatin immunoprecipitation (ChIP) scanning assay to determine GR binding to the hDUSP1 promoter and promoter deletions coupled to a reporter gene in transient transfection experiments to test for functional activity. Electrophoretic mobility shift assay (EMSA) was also used to study protein-DNA interactions at the GC-responsive region of the hDUSP1 promoter region.
Materials and methods

Cells and growth conditions
The human epithelial lung carcinoma cell line, A549 was obtained from ATCC (Rockville, MD, USA). The human embryonic kidney epithelial cell line, HEK293 Flp-In cells (Invitrogen), stably expressing the wild-type GR or GR mutants, GR LS7 and GR R488Q , has previously been described (Bladh et al. 2005) . Cells were grown at 37 8C in 5% CO 2 in medium containing 45% F12 (HAM; Gibco. BRL), 45% DMEM (Gibco), 10% fetal bovine serum (Saveen and Werner AB, Malmö , Sweden), and penicillin/streptomycin, 10 IU/ml and 100 mg/ml respectively (Gibco). Stably transfected HEK293 Flp-In cells were grown in the presence of 100 mg/ml Hygromycin according to the instructions by the manufacturer (Invitrogen).
ChIP assay
HEK293 Flp-In cells with stably transfected GR were either treated with 1 mM of the synthetic GC dexamethasone (Dex; Sigma-Aldrich) or vehicle alone for 90 min and were then cross-linked using formaldehyde at a final concentration of 1% for 10 min at room temperature. The cross-linking reaction was stopped by the addition of glycine to a final concentration of 0 . 125 M for 5 min in room temperature. Cells were washed with cold PBS, harvested, and resuspended in 400 ml lysis buffer (50 mM HEPES-KOH (pH 8 . 0), 1 mM EDTA, 0 . 5 mM EGTA, 140 mM NaCl, 10% glycerol, 0 . 5% NP-40, 0 . 25% Triton X-100, and 1 mM phenylmethylsulphonyl fluoride (PMSF)) containing Complete Protease Inhibitor Cocktail (Roche) and sonicated 10 times for 10 s. The chromatin-containing supernatants obtained after centrifugation were incubated with 1 mg protein A purified monoclonal anti-GR antibody 7 (Okret et al. 1984) or 1 mg of an antibody specific for C/EBPb (sc-7962 X, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 8C.
The following day the supernatants were transferred into new non-stick microcentrifuge tubes (Scientific Specialties Inc., Lodi, CA, USA) and incubated with 50 ml protein A/G Sepharose (50% slurry; Santa Cruz Biotechnology) under gentle agitation for 2 h at 4 8C. The pellets were successively washed twice with 1 ml wash buffer (10 mM Tris-HCl (pH 8 . 0), 1 mM EDTA, 0 . 5 mM EGTA, 200 mM NaCl, and 1 mM PMSF), thrice with wash buffer with increased salt concentration (500 mM NaCl), and once with ordinary wash buffer. After washing, the pellet was resuspended in 110 ml TE buffer (10 mM Tris-HCl (pH 8 . 0) and 1 mM EDTA) with 1% SDS and the cross-links were reversed by overnight incubation at 65 8C. Using a PCR purification kit (Promega), DNA was purified and eluted in 50 ml elution buffer. DNA (5 ml) was amplified by quantitative PCR using Power SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA) with primers derived from the human DUSP1 gene promoter. Quantitative real-time PCR for hDUSP1 mRNA expression was performed as previously described (Bladh et al. 2005) .
Plasmids, transient transfections, and luciferase assays
The pGL3 basic luciferase reporter vector (Promega) with a subcloned insert harboring w3 kb of the hDUSP1 promoter region upstream of the transcription initiation site was a kind gift from Dr Yusen Liu (Horsch et al. 2007) .
Promoter deletion constructs were made of this reporter plasmid by restriction enzyme digestion and religation. Deletions from the 5 0 end resulted in fragments of the hDUSP1 promoter with different lengths (numbers refer to location corresponding to transcriptional start siteZC1): undigested hDUSP1 promoter insert K2975 to C247 bp: K2551 to C247: K2078 to C247: K1380 to C247: K1266 to C247: K2975 to C247 (DK1380 to K1266). An oligonucleotide corresponding to a region between positions K1380 and K1266 bp of the hDUSP1 gene (114 bp wt ) and the corresponding DNA stretch carrying a mutation of a putative C/EBP binding site (114 bp C/EBPmut ) were both obtained from DNA Technology (A/S Denmark) with 5 0 -SacI and 3 0 -BglII overhangs. After digesting the pGL3-promoter luciferase reporter vector with SacI and BglII, the oligos were cloned in sense orientation upstream of the SV40 promoter containing luciferase reporter gene. The obtained constructs were confirmed by sequencing. Plasmid transfection experiments followed the same procedure for all plasmid constructs. A549 cells, which express endogenous GR, were plated in 24-well tissue culture plates overnight with antibiotic-free growth medium (see above) and were co-transfected the following day with 200 ng reporter plasmid construct and 50 ng internal control CMV-b-gal per well, using FuGENE 6 transfection reagent (Roche Applied Science) according to the manufacturer's protocol. Eight hours post-transfection, cells were treated either with or without 100 nM Dex (Sigma-Aldrich) without a change of medium. The cells were assayed for luciferase and b-galactosidase activity 24 h post-transfection as previously described (Bladh et al. 2005) . The b-galactosidase activity of the cell lysate was used to equalize for differences in transfection efficiencies and in the amount of lysate used for each assay. All experiments were performed in triplicates and arbitrary luminescence units are here presented as fold induction (KDex/CDex treatment).
Nuclear extract preparation and electromobility shift assay (EMSA)
Nuclear protein extracts were prepared from A549 cells grown to 90% confluence in a 10 cm tissue culture plate and treated with 100 nM Dex for 90 min. The cells were washed with ice-cold PBS, harvested, resuspended in 400 ml buffer A (10 mM HEPES (pH 7 . 9), 10 mM KCl, 0 . 1 mM EDTA, 0 . 1 mM EGTA, 1 mM dithiothreitol (DTT), and 0 . 5 mM PMSF) containing Complete Protease Inhibitor Cocktail (Roche), and allowed to swell on ice for 15 min. After adding Nonidet P-40 to a final concentration of 0 . 5%, the cells were vortexed for 10 s followed by centrifugation at 7200 g for 2 min. The pellet was resuspended in 50 ml buffer B (20 mM HEPES (pH 7 . 9), 420 mM NaCl, 0 . 5 mM EDTA, 0 . 5 mM EGTA, 1 mM DTT, and 0 . 5 mM PMSF) containing protease inhibitors (Roche) and incubated on ice for 20 min with occasional vortexing. Nuclear proteins were isolated following centrifugation at 7200 g for 10 min and protein concentrations were determined by Bradford assay (Bio-Rad Laboratories Inc). Samples were stored at K70 8C.
EMSAs were performed as described previously (Alheim et al. 2003) , with a few modifications. The probes used in the EMSA experiments (all purchased from DNA technology) were end labeled by T4 polynucleotide kinase (Invitrogen) using [g-32 P] (3000 Ci/mmol Amersham Pharmacia Biotech). In brief, 10 mg nuclear extracts were incubated with 0 . 1-0 . 3 ng of radiolabeled oligonucleotide probe for 30 min at room temperature in 1 X binding buffer (2 . 5% glycerol, 0 . 05% Nonidet P-40, 50 mM KCl, 5 mM MgCl 2 1 mM EDTA, 10 mM Tris (pH 7 . 6)), and 2 mg poly(dI-dC) (Amerhsam) in a total volume of 20 ml. When indicated a 100-fold molar excess of unlabeled competitor oligonucleotide was included in the binding reaction. Protein-nucleic acid complexes were resolved using a non-denaturating polyacrylamide gel consisting of 4% acrylamide (29:1 ratio of acrylamide/ bisacrylamide) (Bio-Rad Laboratories Inc.) run in 0 . 25! TBE buffer for 1 . 5 h at a constant voltage of 200 V. Oligonucleotides that were radiolabeled in this study include (shown with the upper strand sequence) the 114 bp human DUSP1 promoter fragment (corresponding to region between K1380 and K1266 bp of the hDUSP1 gene):
0 , the 54-82 bp subregion of the 114 bp oligonucleotide (corresponding to region between K1326 and K1298 bp of the hDUSP1 gene), and the GRE from the tyrosine aminotransferase gene (GRE tat : GRE underlined): 5 0 -ATTACTAGAACATCCTGTACAGTC-GAC-3 0 (Alheim et al. 2003) . Oligonucleotides used as cold competitor in this study include (showed with the upper strand sequence) five subregions (1-24, 20-42, 38-61, 54-82, and 19-114) of the full-length 114 bp oligonucleotide; the 114 bp promoter fragment itself; a heat shock response element (HSE) oligo: 5 0 -CTA-GAAGCTTCTAGAAGCTTCTAGAA-3 0 ; a C/EBP consensus oligo: 5 0 -TGCAGATTGCGCAATCTGCA-3 0 ; and a 54-82 bp subregion of the 114 bp fragment containing a mutation of the putative C/EBP binding site (base substitution underlined): 5 0 -CGGCACCGGG-GCGGGCAGTGTGATGTTTA-3 0 . Supershift experiments were performed by preincubating samples with 1 ml antibody for 1 h at 4 8C before application to the gel. Antibodies specific for C/EBP (sc-746 X), p50 (sc-114 X), and Sp1 (sc-59 X) were all purchased from Santa Cruz Biotechnology. EMSA experiments using the GRE tat probe were performed as previously described with some alterations (Alheim et al. 2003) .
Briefly, 0 . 3 ng radiolabeled GRE tat was incubated with 10 mg crude extract containing a bacterially expressed fusion protein between the GR DNA-binding domain (DBD) and GST (kindly provided by Dr Ann-Charlotte Wikströ m), for 30 min at room temperature in a binding buffer containing 20 mM Tris-HCl (pH 8 . 0), 10% (w/v) glycerol, 1 mM EDTA, 1 mM DTT, 75 mM KCl, 3% BSA, and 2 mg poly(dI-dC). After incubation, the binding reaction was separated on a 4% polyacrylamide gel, with a constant voltage of 200 V in 0 . 25! TBE for 1 . 5 h.
Sequence analysis
Identification of transcription factor binding sites was performed using the web-based algorithm CONREAL: conserved regulatory elements anchored alignment (http://conreal.niob.knaw.nl).
Statistical analysis
Values are presented as meanGS.D. and statistical analysis was performed using one-way ANOVA with Tukey's test as post hoc or Student's unpaired t-test with two-tailed distribution where appropriate. Differences were considered statistically significant when P!0 . 05.
Results
ChIP assay identifies GR binding to the hDUSP1 promoter
In order to identify GR occupancy at the DUSP1 promoter in vivo, we performed a ChIP scanning assay surveying w3 kb of the human DUSP1 promoter. Given that DNA fragment size after sonication was 400-600 bp, the DUSP1 promoter was covered with a sequence interval of w500 bp between the six sets of PCR primers used (Fig. 1A) . Using this arrangement, GR binding was found to occur w1 . 4 kb upstream of the transcription start site of the human DUSP1 gene upon Dex treatment (Fig. 1A) . GR binding to the DUSP1 promoter was enriched four-to six-fold upon Dex administration. The specificity of GR binding was further confirmed as no K JOHANSSON-HAQUE and others . GC-responsive region in hDUSP1 gene promoter enrichment was seen following precipitation using an isotype-specific control antibody (Fig. 1B) . In addition, when precipitating DNA using the GR-specific antibody from cells lacking GR, no enrichment of any DUSP1 promoter region was seen (data not shown).
Defining a GC-responsive region of the hDUSP1 promoter
To functionally identify the region responsible for GC regulation of the DUSP1 gene, we used a pGL3-basic luciferase reporter gene into which w3 kb (K2975 to C247 bp) of the human DUSP1 promoter was cloned. This as well as reporter vector constructs containing 5 0 promoter deletion of the above construct were transfected into human A549 cells, treated with or without Dex and analyzed for luciferase activity. As shown in Fig. 2 , a threefold increase in luciferase activity was seen in cells transfected with the reporter gene containing 3 kb of the hDUSP1 promoter following Dex treatment. Deletions of promoter regions from K2975 to K1380 bp had no effect on the GC responsiveness of the hDUSP1 promoter (Fig. 2) . However, further deletion of the promoter to K1266 bp strongly decreased the GC response. This suggests that a GC-responsive region is located between K1380 and K1266 bp of the hDUSP1 promoter. This identified region is in agreement with the GR binding region identified by the ChIP assay (Fig. 1A) . A deletion of this 114 bp region in the context of the 3 kb promoter fragment resulted in a loss of the GC response (Fig. 2) . In addition, the 114 bp region alone when inserted into the pGL3 promoter vector directly upstream of the heterologous SV40 promoter was able to induce luciferase expression when stimulated with Dex, further demonstrating the importance of this region for the GC induction of the DUSP1 gene. Interestingly, sequence analysis using the CONserved Regulatory Elements anchored Alignment (CONREAL) algorithm did not reveal the presence of any GRE-like sequences within the GC-inducible 114 bp hDUSP1 promoter region. This suggests GC induction of DUSP1 to occur through a non-classical trancriptional activation mechanism independent of direct DNA binding by the GR.
EMSA analysis of protein interactions with the 114 bp GC-responsive region
To study protein binding to the 114 bp GC-responsive region, an EMSA was performed using nuclear extracts from A549 cells and the 114 bp fragment as probe. The positions for the PCR primers used for amplification of the DUSP1 promoter and fold enrichment following precipitation of the cross-linked DNA using a GR-specific antibody. The fold enrichment (Gdexamethasone treatment) was determined by normalizing to an internal control corresponding to a nonresponsive region located w7 . 5 kb downstream of the last exon of the DUSP1 gene. Statistical analysis was performed by one-way ANOVA followed by Tukey's post hoc test and showed significant differences in region 3 enrichment, (***P!0 . 001) compared with the other regions. MeansGS.D. for nZ3-8 experiments are shown. (B) Fold enrichment when using an isotype control antibody and PCR amplification by primer pairs 3 and 6 respectively. Statistical analysis was performed with Student's unpaired t-test (**P!0 . 01, As can be seen in Fig. 3 , two specific protein-DNA complexes were formed on the 114 bp fragment (lane 2) that were competed by a 100-fold excess of unlabeled 114 bp fragment (lane 3), but not by a 100-fold molar excess of an unrelated DNA sequence (lane 9). To determine what subregions of the 114 bp DNA were involved in the formation of the protein-DNA complexes, the 114 bp DNA probe was competed with five subregions of the 114 bp region. The competition experiments showed that a single subregion between 54 and 82 bp of the 114 bp fragment (corresponding to position K1326 to K1298 bp of the DUSP1 gene) competed with the full-length probe for complex formation (lane 7, lower band), suggesting this subregion to be important for protein binding to the 114 bp hDUSP1 fragment. Moreover, the 114 bp fragment may also bind proteins outside of the 54-82 bp subregion, since the upper complex migrates faster upon competition with this subregion. This is most likely due to a loss of protein(s) binding selectively to the 54-82 bp subregion while protein(s) binding outside of this region remain bound.
GC responsiveness is located to a binding site for C/EBP
Further sequence analysis (CONREAL) of the 54-82 bp subregion of the 114 bp fragment revealed a binding site for C/EBP, located between position K1311 and K1304 bp of the DUSP1 promoter (Fig. 4A ). In addition, this C/EBPa binding site, as well as its relative location upstream of the transcription start site of the DUSP1 gene, is highly conserved in the DUSP1 promoter from several species, implicating a functional relevance of this region.
In order to investigate whether the 54-82 bp subregion of the 114 bp sequence indeed interacted with C/EBP, the subfragment was radiolabeled and used as probe in an EMSA using an unlabeled C/EBP consensus oligonucleotide as competitor. As can be seen in Fig. 4B , complex formations on the 54-82 bp subregion were abolished when using a C/EBP consensus oligonucleotide as competitor (lane 5) as well as when competing with an excess of unlabeled wild-type 54-82 subregion oligonucleotide (lane 3). By contrast, no competition for complex formation was seen when competing with a 100-fold molar excess of the 54-82 bp fragment containing a mutation of the putative C/EBP binding site (lane 6) or an oligonucleotide (HSE) containing a consensus binding site for the heat shock factor-1 (lane 4). This demonstrates the requirement of an intact C/EBP binding sequence in the 54-82 bp subregion for formation of the specific protein-DNA complexes. EMSA experiments using a C/EBPb antibody resulted in loss of protein-DNA interactions (lane 7), demonstrating the presence of C/EBP in the complexes. No supershift and only a minor loss of complexes formed were seen when using antibodies directed against the p50 component of NFkB or the Sp1 transcription factor (lanes 8 and 9 respectively), showing the specificity in the C/EBPb antibody shift.
In order to confirm binding of C/EBPb to the DUSP1 promoter in vivo, we performed a ChIP assay on A549 cells using an antibody targeting C/EBPb. As is the case for GR binding, the K1 . 4 kb region of the DUSP1 promoter is also selectively enriched using the C/EBPb-specific antibody, whereas no enrichment of this region is seen using a non-specific antibody control (Fig. 4C) . This is in line with the results from the EMSA and confirms C/EBPb binding to the DUSP1 promoter.
To functionally test the identified C/EBP binding site for involvement in the GC stimulation, a 114 bp hDUSP1 promoter fragment containing a mutation of the C/EBP binding site was examined in a luciferasebased reporter assay. Mutation of this site resulted in a dramatic loss of the ability of the 114 bp fragment to induce luciferase gene expression following Dex treatment (Fig. 4D) . This result clearly suggests that the DUSP1 regulation by activated GR requires functional binding of C/EBPb to a conserved C/EBP site located between position K1311 and K1304 bp of the DUSP1 promoter. Figure 3 The 54-82 bp subregion (K1326 to K1298 bp of the DUSP1 promoter) of the GC-responsive 114 bp sequence (K1380 to K1266 bp) is responsible for specific protein-DNA complexes formed on the 114 bp region. Lane 1 is the 32 P-labeled 114 bp fragment probe alone. Lanes 2-9, nuclear extract prepared from dexamethasone-treated A549 cells incubated with the 114 bp probe. Lanes 3-9, competition of the complexes formed with the 114 bp probe with a 100-fold molar excess of unlabeled oligonucleotides. Lane 3, the whole 114 bp fragment; lane 4, subregions 1-24; lane 5, 20-42; lane 6, 38-61; lane 7, 54-82; and lane 8, 79-114 of the 114 bp fragment. Lane 9 is competition with a 100-fold molar excess of an oligonucleotide (HSE) encompassing a consensus binding site for heat shock factor-1. Arrows represent specific protein-DNA complexes. One representative experiment out of three performed is shown.
No direct GR binding to the 114 bp GC-responsive region
As mentioned above, no GRE-like sequences were found in the GC-inducible 114 bp DUSP1 promoter region. In order to confirm lack of direct GR binding to this element, we performed an EMSA where a probe containing a classical GRE from the tyrosine aminotransferase (GRE tat ) gene promoter was incubated with bacterially expressed GR-DBD protein and competed with the 114 bp region. As can be seen in Fig. 5A , formation of GRE tat -GR complex was abolished when competing with an excess of unlabeled GRE tat oligonucleotide (lane 3). However, no competition was seen when an excess of unlabeled 114 bp fragment (lane 4) or the 114 bp subregions 54-82 bp (lane 6) was used as competitor. This demonstrated that no direct GR binding occurs to the GC-responsive 114 bp region of the DUSP1 promoter. Instead, this suggests that Fold enrichment in dexamethasone-treated A549 cells when using a control antibody or a C/EBPb antibody and PCR amplification by primer pairs 3 and 6 respectively (first four bars from the left). Enrichment of primer pair 6 for the control antibody was given the nominal value 1 in each experiment and the results for the other conditions are presented relative to this nominal value. Fold enrichment (Gdexamethasone treatment) and PCR amplification by primer pairs 3 and 6 respectively, when using a GR antibody is seen in the last two bars. The fold enrichment was determined by normalizing to an internal control corresponding to a non-responsive region located w7 . upregulation of DUSP1 gene expression by GCs is more likely to occur through a tethering between the GR and the promoter-bound C/EBPb protein. We obtained further evidence for such a mechanism, since HEK293 cells containing a GR mutant (GR LS7 ), which is unable to stimulate expression from a classical GRE containing gene (Lidén et al. 1997) , still was able to induce expression of the DUSP1 gene as analyzed by qRT-PCR (Fig. 5B) . The ability of the GR LS7 mutant to interact with the DUSP1 gene in vivo was confirmed by a ChIP assay, demonstrating enrichment to the K1 . 4 kb region of the DUSP1 gene as for the GR wt (Fig. 5C) . However, no enrichment of binding of GR LS7 occurred in vivo to the previously described GRE containing promoter region of the GC-inducible p57
Kip2 gene, in contrast to the GR wt ( Fig. 5C and (Alheim et al. 2003) ).
Discussion
It is well established that GCs induce expression of the MAPK inhibitor, DUSP1 (Chen et al. 2002 , Lasa et al. 2002 , Engelbrecht et al. 2003 . However, reported mechanisms of GR-mediated induction of DUSP1 gene expression have so far been unclear or contradictory. As an example, a study using transiently transfected COS-7 cells showed that a dimerization-deficient mutant of GR (GR dim ), in contrast to the wild-type receptor, was unable to induce a reporter construct containing 1 . 7 kb of the mouse Dusp1 promoter region, suggesting that the GR activates Dusp1 expression as a conventional homodimer (Kassel et al. 2001) . However, in primary macrophages derived from mice expressing the GR dim/dim , GC stimulation still induced endogenous Dusp1 expression (Abraham et al. 2006) , suggesting that GR may function as a monomer in inducing this gene. Furthermore, the previously described putative GREs of the mouse Dusp1 promoter sequence Figure 5 The GR does not bind directly to the GC-responsive 114 bp DUSP1 promoter region. (A) The GC-responsive 114 bp hDUSP1 fragment does not compete for GR binding to a classical GRE from the amino tyrosine amino transferase gene. Lane 1 is free 32 P-labeled GRE tat oligonucleotide probe. Lanes 2-5, the probe is incubated with bacterially expressed GR-DBD. Lanes 3-6, competition of the GR-DBD-GRE tat complex with a 200-fold molar excess of unlabeled oligonucleotides. Lane 3, GRE tat ; lane 4, 114 bp hDUSP1 fragment; lane 5, HSE consensus; and lane 6, 54-82 bp subregion of the 114 bp fragment. Arrows represent specific protein-DNA complexes. The upper complex represents dimer binding of GR-DBD to the GRE tat and the lower band monomer binding (Tsai et al. 1988) . One representative experiment out of three performed is shown. (B) A GR mutant (GR LS7 ), unable to stimulate expression from a classical GRE containing gene, still induces DUSP1 mRNA expression in stably transfected HEK293 cells following dexamethasone treatment (100 nM, 24 h). DUSP1 mRNA expression is determined by qPCR and results are shown as fold induction (Gdexamethasone treatment). The mean of three experiments GS.D. is shown. (C) ChIP assay demonstrates the ability of the GR mutant, GR LS7 , to bind to the DUSP1 gene in vivo but not to a functionally characterized GRE of the p57 Kip2 gene promoter (Alheim et al. 2003) . Statistical analysis was performed with Student's unpaired t-test (*P!0 . 05, **P!0 . 01, nsZnon-significant). MeansGS.D. for nZ3-5 experiments are shown. K JOHANSSON-HAQUE and others . GC-responsive region in hDUSP1 gene promoter (Noguchi et al. 1993) were not functionally tested. In this study, we have demonstrated GR binding in vivo to the hDUSP1 gene using a ChIP scanning assay and found it to be located w K1 . 4 kb upstream of the transcription initiation site. We demonstrated, using promoter deletions, a region between position K1380 and K1266 bp upstream of the transcription start site to be responsible for the GC induction of the DUSP1 gene. Furthermore, this 114 bp region was functional on a heterologous promoter in inducing expression of the reporter gene upon Dex stimulation. However, sequence analysis did not reveal the presence of any GREs or GRE-like sequences embedded within this region. The inability of this region to compete for GR binding to a classical GRE (Fig. 5A ) confirmed the lack of direct GR binding. Instead, a binding site for C/EBPb located within this region (position K1311 to K1304 bp) was identified by EMSA and positively confirmed to mediate the GC induction in reporter gene-based transfection experiments. Binding of C/EBPb in vivo to the w K1 . 4 kb region of the DUSP1 promoter was confirmed by a ChIP assay. The C/EBP binding site as well as its relative location upstream of the transcription start site is evolutionarily conserved between DUSP1 promoters among several species, supporting its functional relevance. This suggests the mode of transactivation by activated GR of the DUSP1 gene to involve a positive tethering mechanism between the GR and C/EBPb. Additional support for such a mechanism was obtained using a GR mutant (GR LS7 ) harboring a point mutation in the second zinc finger of the DBD. This GR mutant is unable to transactivate through classical GREs (Lidén et al. 1997) but still was capable to induce DUSP1 expression, similar to what was shown by Abraham et al. (2006) using the GR dim mutant. By contrast, a second GR-DBD mutant (GR R488Q ) able to repress NF-kB activity after tumor necrosis factor-a stimulation (Bladh et al. manuscript submitted) did not induce DUSP1 gene expression or bind to the gene in vivo (data not shown), showing that subtle changes in the GR-DBD will differentially affect protein-protein interactions involved in tethering. The differential characteristics of the GR LS7 and GR R488Q in their binding to the DUSP1 promoter may be the result of alteration in conformation leading to differences in interaction directly with the C/EBPb protein or recruitment of additional proteins required for efficient transcriptional initiation.
Based on our results, we conclude that GC induction of the DUSP1 gene is mediated via a tethering mechanism between GR and promoter-bound C/EBPb at position K1311 to K1304 bp of the DUSP1 promoter, although it cannot be excluded that other parts outside the surveyed 3 kb region promoter may contribute to the GC regulation of DUSP1 expression. The observation that mutation of the identified C/EBP binding site of the DUSP1 promoter resulted in a dramatic but not complete loss of reporter gene expression (Fig. 4D) could imply a contributing role of other transcription factors in addition to C/EBP in the GR-mediated induction of DUSP1 expression.
Interestingly, other studies have previously demonstrated a functional link between the GR and C/EBPs at the trancriptional level. In a more genome-wide screening using ChIP assay, So et al. (2007) identified enrichment of sequence motifs resembling binding sites of certain transcription factors, including C/EBP, within regions encompassing GR binding compared with regions where no GR binding was detected. In addition, Phuc Le et al. (2005) described motifs resembling C/EBP binding sites close to certain mouse GREs and showed that almost 50% of them indeed bind C/EBPb. Similar to the results presented in this study, Boruk et al. (1998) localized GC responsiveness to a binding site for C/EBP of the herpes simplex thymidine kinase promoter. In this particular study, GR specifically enhanced the activation of transcription by the C/EBPb isoform. Another study, indicating similar linkage, defined a GC-responsive region within the promoter of the p21
Cip1 gene that contains a putative binding site for C/EBPa (Cram et al. 1998) . Site-directed mutation of the p21
Cip1 promoter revealed Dex stimulation of p21
Cip1 promoter activity to be dependent on the C/EBP binding site. Both studies clearly demonstrate that GR may potentiate trancriptional activation of target genes via C/EBPs bound to C/EBP-binding sites. Furthermore, the GR can physically interact with all isoforms of C/EBP (i.e., a, -b, and d) (Boruk et al. 1998 ). Although we demonstrated an abolishment of a DNA-protein complex encompassing the C/EBP site of the DUSP1 promoter using an anti-C/EBPb antibody, as well as binding in vivo to the K1 . 4 kb region of the DUSP1 promoter in ChIP assay, we cannot with certainty prove the C/EBPb to be the only C/EBP isoform to bind to this region in vivo in A549 cells. This is due to some minor cross-reactivity of the antibody with C/EBPa and C/EBPd respectively. However, as C/EBPb is the predominantly expressed form of C/EBP in A549 cells (Cassel et al. 2000) , it is most likely that the activated GR interacts with this isoform to mediate the GC-stimulated transcription of the DUSP1 gene. In line with the binding of C/EBPb to the DUSP1 gene, C/EBPb K/K hepatocytes show reduced expression of the DUSP1 gene (Greenbaum et al. 1998) .
In addition to the C/EBP transcription factors, the GR through protein-protein interactions synergizes with several other transcription factor families to enhance target gene expression independent of direct DNA binding by the receptor. For example, GCs enhance prolactin-stimulated transcription of the b-casein gene via a functional tethering between GR and promoter-bound STAT5A (Stöcklin et al. 1996) .
Additionally, transactivation of AP-1 dependent target genes by JUN/JUN homodimers is enhanced by the activated GR (Teurich & Angel 1995) , and a report published by us showed that GCs potentiate retinoic acid-induced expression of the murine Hoxb1 gene in P19 embryonal carcinoma cells through an interaction with PBX1 without the GR contacting the DNA (Subramaniam et al. 2003) . Furthermore, the ability of nuclear receptors to activate target genes through other proteins without itself physically contacting the DNA is not unique for the GR. For example, the progesterone receptor has been shown to transactivate the p21 Cip1 gene by interacting with promoter-bound Sp1 (Owen et al. 1998 ) and the estrogen receptor may activate genes via protein-protein interactions with AP-1 (JUN/ FOS) and Sp1 (Sun et al. 1998 , Kushner et al. 2000 . Interestingly, tethering by the GR, as well as other nuclear receptors with other transcription factors bound to DNA result in either positive or negative regulation of target genes, but the precise mechanisms leading to a certain outcome is still very much unclear. Furthermore, the percentage of target genes upregulated by GR through tethering is not known. However, using GR mutants unable to induce from classical GREs in gene expression profiling experiments suggest that a significant number of GC-regulated genes may be activated through such a mechanism (Rogatsky et al. 2003) . That GC induction of target genes occurs through several mechanisms may complicate the development of new GCs that dissociate between transactivation and repression of target genes.
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